Many studies have revealed the stratification phenomenon of the topside ionospheric F2 layer using groundbased or satellite-based ionograms, which can show direct signs of this phenomenon. However, it is difficult to identify this phenomenon using the satellite-based in situ electron density data. Therefore, a statistical method, using the shuffle resampling skill, is adopted in this paper. For the first time, in situ electron density data, recorded by the same Langmuir probe aboard the DEMETER (Detection of Electro-Magnetic Emission Transmitted from Earthquake Regions) satellite at different altitudes, are analyzed, and a possible stratification phenomenon is identified using the proposed method. Our results show that the nighttime stratification, possibly a permanent phenomenon, can cover most longitudes near the geomagnetic equator, which is not found from the daytime data. The arch-like nighttime stratification decreases slowly on the summer hemisphere and thus extends a larger latitudinal distance from the geomagnetic equator. All results, obtained by the proposed method, indicate that the stratification phenomenon is more complex than what has previously been found. The proposed method is thus an effective one, which can also be used in similar studies of comparing fluctuated data.
Introduction
Stratification of the F2 layer, an enhancement in electron density at heights above the F2-layer maximum in the ionosphere at low latitudes and mid-latitudes, was first reported in the mid-20th century (Heisler, 1962; Sen, 1949; Skinner et al., 1954) . Sayers et al. (1963) was then the first to de-tect topside ledges in the equatorial ionosphere using a Langmuir probe aboard the Ariel I satellite and predicted that the topside ionograms would reveal the ledges as cusps, as later proved by many studies using the topside sounding technique (Lockwood and Nelms, 1964; Raghavarao and Sivaraman, 1974; Sharma and Raghavarao, 1989) .
There were few studies of the stratification phenomenon until the mid-1990s. Balan and Bailey (1995) then explained the formation mechanism of the F3 layer using the SUPIM (Sheffield University Plasmasphere-Ionosphere Model). They referred to the layer as G layer, which was later renamed as F3 layer because it has the same chemical composition as the F region . Since then, many more studies on the mechanism and spatial and temporal distributions of the phenomenon have been carried out (Batista et al., 2002; Depuev and Pulinets, 2001; Hsiao et al., 2001; Rama Rao et al., 2005; Tardelli et al., 2016; Uemoto et al., 2007; Zain et al., 2008; Zhao et al., 2011a, b) .
However, most research has used ionograms or total electron content data recorded on the ground (Balan et al., 1998; Batista et al., 2002; Jenkins et al., 1997; Nayak et al., 2014; Rama Rao et al., 2005; Zhao et al., 2011a) , where the distribution features of the stratification phenomenon cannot be obtained because only data of discontinuously distributed observation stations can be used. Studies on the stratification of the F2 layer at the topside ionosphere were therefore carried out using sounding techniques aboard low-Earthorbiting satellites (Karpachev et al., 2012; Thampi et al., 2005; Uemoto et al., 2004 Uemoto et al., , 2006 Zhao et al., 2011b) . Topside ionograms can reveal the occurrence of the F3 layer when the peak electron density of the F3 layer, namely NmF3, is smaller than NmF2, which cannot be observed using an X. Wang et al.: Identifying a possible stratification phenomenon in ionospheric F2 layer ionosonde on the ground. However, the short-term globalscale distribution of the stratification phenomenon still cannot be obtained from satellite-based ionograms even though such ionograms can provide more data because the obtained data are still discontinuous.
In addition, nearly all the abovementioned F2-layer stratification studies were carried out using indirect observation data, in which case some detailed information may be missed. A method therefore is proposed in this paper which can compare the in situ electron density data obtained at different altitudes and identify their differences. Based on this method, the in situ electron density data, recorded by the DEMETER (Detection of Electro-Magnetic Emission Transmitted from Earthquake Regions) satellite at the topside ionosphere, are used to study the stratification phenomenon, enabling us to investigate the characteristics of the globalscale distribution and other information about the stratification phenomenon.
The result that the electron density observed at higher altitude is greater than that observed at lower altitude suggests a stratification phenomenon distributed in a large area. This result was obtained using in situ electron density data obtained before and after an altitude adjustment of the DEMETER satellite in a relatively short time, which is the first direct comparison of in situ data recorded by the same instrument but at different altitudes. The results of the distribution features of this phenomenon, obtained by the proposed method, are in accordance with those obtained by previous studies, but some features also suggest that the stratification phenomenon is more complicated than previously found, thus demonstrating that the proposed method is effective.
2 Data and method
Data
The data used in this study were obtained from DEME-TER, a French micro-satellite operated by CNES (Centre National d'Etudes Spatiales) and devoted to the investigation of ionospheric disturbances due to seismic, volcanic, and tsunami activities. The DEMETER satellite was launched in June 2004. Observation data were recorded from the end of November 2004 to December 2010. Owing to its specific orbit, DEMETER is always located at about 10:30 or 22:30 local time. The satellite made continuous measurements between invariant latitudes of − 65 and 65 • . The ISL (Instrument Sonde de Langmuir) is one of the five scientific payloads and recorded in situ data of the electron density, ion density, and electron temperature Lebreton et al., 2006) .
The DEMETER satellite adjusted its flying altitude in its initial flight stage and between the end of 2005 and the beginning of 2006, as shown in Fig. 1 The data recorded by the DEMETER satellite before and after its altitude adjustment provide an opportunity to study the vertical gradients of electron density in a small height range of the topside ionosphere using in situ electron density data recorded by the same instrument. Since the altitude of the satellite was not fixed at a constant value from November 2004 to March 2005, and there were no data in December 2005, data recorded before and after the adjustment at the beginning of 2006 are selected in the study; during these periods, the orbit altitude was fixed at 677 and 669 km.
The geomagnetic index Dst and the solar activity index F10.7 in January 2006 are presented in Fig. 2 . The figure shows geomagnetically quiet days from 1 to 25 January 2006, and the F10.7 index of solar activity before altitude adjustment was roughly equal to or smaller than that after the adjustment. Therefore, data from 1 to 25 January 2006 will be used in this paper because the differences in geomagnetic and solar influences are negligible during this period.
Many studies have shown that the electron density in the F2 layer is characterized by periodic changes in the diurnal, seasonal, annual, and solar activity cycles and fluctuations due to other factors, such as geomagnetic storms and sunspot eruptions. Issues therefore need to be addressed before carrying out this study.
As mentioned above, the local time that the DEMETER Satellite passed over a location was roughly fixed at about 10:30 in the morning and about 22:30 in the evening, which means that diurnal changes in the data can be ignored when comparing the data before and after the altitude adjustment at the same place because the local time is consistent. Another issue, which is the focus of this study, is that when the electron density data are recorded over a relatively short time under quiet observation conditions, say a few days, variations due to the long-term trend in the data (e.g., seasonal and annual variations) can be ignored, which is to say that the data observed in a few days are usually similar to those observed a few days ago. Against this background, the data, observed before and after the altitude adjustment of the DEMETER satellite in a relatively very short time, are compared and analyzed by seeking a suitable mathematical method.
Method
The electron density is known to dynamically change both spatially and temporally. It is therefore uncertain that the difference before and after the adjustment of the orbital altitude is the result of normal data fluctuation or the result of the altitude adjustment. It is necessary to design a reasonable scheme with which to distinguish the cause of the difference.
A significance test is a statistical method of determining whether the difference between two groups of data is significant. Employing this method, if the p value, the probability that a given result occurs under the null hypothesis of no difference between the two groups, is less than a predefined significance level, then the null hypothesis is rejected at the chosen level of significance and the alternative hypothesis of a difference between the two groups is accepted. However, if the p value is not less than the chosen significance threshold, then the evidence is insufficient to support a conclusion. Significance tests can therefore be conducted to determine whether the difference between before and after the adjustment of the altitude can be ascribed to the randomness of the data variation. If not, it may be caused by the altitude adjustment because all the other conditions are the same.
However, the significance test assumes data to be normally distributed, which the electron density data are not. This paper thus conducts a permutation test (Hesterberg et al., 2003) , a distribution-independent computer simulation approach of resampling suggested by Fisher and Yates (Wikipedia).
The basic idea of the permutation test is to resample the data many times to check whether the same pattern of results is observed if the observation data are randomly assigned to experimental groups. If the statistics calculated from the obtained data fall outside the confidence limits, say 95 %, the observed difference is far out in the left or right tail, and one can conclude that there is a significant difference between the groups. A permutation test is based on available data rather than a set of standard assumptions about underlying populations. It is therefore distinct from traditional statistics and can give accurate p values with which to check the significance of the difference between two data groups.
We therefore adopt the permutation test method to compare the data observed at different altitudes by the DEME-TER satellite and to check whether the differences between the data observed at different altitudes are significant. Using this method, the general process of data analysis in this study is as follows:
1. Construct data groups using the data observed before and after the altitude adjustment or data observed at same altitude. -Calculate the mean electron density before and after the adjustment of altitude in each cell.
-Divide the data into different regions every 5 • latitude and obtain 20 regions from 50 • south to 50 • north in the latitudinal direction.
2. Compare the data groups constructed from observation at different altitudes and check the significance of their differences by employing the permutation test method.
3. Compare the data groups constructed from observation at similar conditions but with the same altitude and check the significance of their differences as a reference.
Draw conclusions by analyzing different results.
A uniform significance level of 0.05 and a one-side test are adopted in this paper, and no special explanation is given in the following.
Data comparison

Data construction
According to Sect. 2.1, the data obtained from 1 to 25 January 2006 are selected to carry out the analysis. During this period, the data from 1 to 9 January were obtained before the altitude adjustment, and the data from 14 to 25 January were obtained after the altitude adjustment. In addition, the geomagnetic and solar activity indices were all low during this period; that is, the data obtained before and after the altitude adjustment were measured under similar observation conditions.
In order to construct the data groups for comparison, a scheme is designed to divide the data into different groups. Ascending data (data recorded during the night) from 1 to 8 January and from 15 to 23 January 2006 are both divided into two groups to give a total of four groups of data, with each having equal observation days. Details of the grouping are given in Table 1 .
Based on this grouping scheme, comparative data are constructed using the cells of 5 • in the latitudinal direction and 10 • in the longitudinal direction, as mentioned in Sect. 2.2. The average value of the recorded data in each cell is computed using data from Group 1 to Group 4; there are thus 36 cells multiplied by 4 groups of data for each latitudinal region. Data analysis involves comparing the data between groups in each latitudinal region, including both the cases of data comparisons between different altitudes and between the same altitudes.
Comparison in one latitudinal region
The four groups of data, in the region of geographical latitude −5 to 0 • , are compared with each other as a demonstrative example of the proposed method.
In order to determine whether the differences between two groups of data are caused by random data fluctuation or by altitude differences, significance tests are carried out for each pair of groups using the improved Fisher-Yates permutation test method (Durstenfeld, 1964) , in which the distribution of the mean data difference is obtained by resampling the data 10 000 times. The actual mean data differences of each pair of groups are then compared with the 5 % confidence level of the corresponding distribution.
The significance test results of each pair of groups using the data located in the geographical latitude (−5, 0) are shown in Fig. 3 , and the corresponding permutation test p values are given in Table 2. In Fig. 3 , the solid lines represent mean values of data differences before and after the altitude adjustment in each cell:
Here, N is total number of cells in each latitudinal region, B is the average value in cell i before altitude adjustment, and A is the average value in the same cell after the adjustment.
Equation (1) shows that the mean value of data differences is equal to the data difference between average values of all cells before and after the adjustment. Therefore, mean values of data differences can be calculated using two average values. As shown in Fig. 3 , the data differences, between the average data in the two groups in random permutation tests conducted 10 000 times, follow a normal distribution with a mean value of zero, and the probability of the occurrence of the original data difference is zero or extremely small, which indicates that data recorded before the adjustment in most cells are obviously greater than those recorded after the adjustment because the mean differences are much greater than zero. Figure 3 and Table 2 show that the differences between Group 1 and 3, Group 2 and 3, Group 1 and 4, and Group 2 and 4, representing the differences before and after the ad- M Diff represents the mean of differences between two groups, while p is the probability that the mean data difference calculated in the permutation simulation is greater than the observed M Diff if it is positive or less than the observed M Diff if it is negative.
justment of altitude, are significant because the p values are zero or close to zero, much less than the predefined significance level of 5 %. This means that the likelihood of observing the actual data difference given that the two groups have no difference is unlikely. Therefore, the null hypothesis of no difference can be rejected, and significant difference between the two groups is determined. Meanwhile, the p values of Group 1 and 2 and Group 3 and 4, representing differences at the same altitude before and after the adjustment respectively, are greater than the predefined significance level, which means that the difference between the two groups is not significant and the hypothesis of no difference between the two groups cannot be rejected.
The permutation test results of data at different altitudes and data at similar altitudes show a significant contrast, indicating that the significant differences between the data before and after the adjustment are by no means accidental but due to potential causes. Moreover, an interesting point is that the electron density data recorded at higher altitude are higher than those at a lower altitude because all differences (i.e., values before adjustment minus values after adjustment) are positive, different from the normal attenuation law at the topside ionosphere, which implies the possible stratification phenomenon during the selected time segment.
Comparison in all latitudinal regions
Obvious differences between the data groups in one latitudinal region show some information. To obtain the distribution of this significant difference, permutation test results for the 20 regions from 50 • south to 50 • north in the geographical and geomagnetic latitude (where the geomagnetic latitude refers to the dipole coordinates given in the DEMETER satellite dataset) are obtained, and the variations in p values with latitude are presented in Fig. 4 . Table 3 only gives the permutation test results in geomagnetic latitudes because the results calculated from geographical latitudes are similar to those of geomagnetic latitudes.
The permutation test results in Fig. 4 and Table 3 have obvious regular distribution patterns:
1. There are significant differences in data only before and after the adjustment of altitude in continuous latitudinal regions; i.e., there are significant differences in data between Group 1 and 3, Group 2 and 3, Group 1 and 4, and Group 2 and 4. Meanwhile, the differences between observation data for the same orbital altitude, namely differences between Group 1 and 2 and Group 3 and 4, are not obvious, and no regular distribution pattern exists in the data. 3. Comparing the distribution of data with significant differences in Fig. 4 , it is seen that the distribution is 5 • south in geomagnetic latitude, which indicates that this regular distribution of the data with significant differences may be mainly controlled by the geomagnetic latitude, and the regular distribution in terms of the geo-graphical latitude is due to the distribution region in geographical latitude overlapping with regions beside the geomagnetic equator.
4. Table 3 shows that the data differences change from being positive from lower to higher mid-latitudes in the Southern Hemisphere to being negative in the corresponding latitudes in the Northern Hemisphere, just like an arch extending toward the higher latitudinal direction in both hemispheres, as shown in Fig. 5 . This regular distribution cannot be a coincidence because although most p values in the mid-latitude regions do not reject the null hypothesis of no significant difference between the data observed at different altitudes, the probability that positive differences appear simultaneously in several continuously latitudinal regions (multiplication of the p values in each latitudinal region) is extremely low according to the obtained p values, which indicates an underlying control factor. Regarding all differences in the Northern (winter) Hemisphere being negative, this is the normal attenuation pattern of the F2 layer.
The distribution characteristic, namely that data with significant differences are distributed in the vicinity of the geomagnetic equator, is consistent with the regions where stratification of the F2 layer has been found in many studies, and the stratification phenomenon can exactly explain the electron density at higher altitude being greater than that at lower altitude. Figure 6 presents all the regular patterns summarized above using the average electron density data of the four groups before and after altitude adjustment in each latitudinal region. The figure shows that the curves of the average electron density data vary with latitude, with the maximum differences being located at about 10 • in the Southern Hemisphere. Figure 6 shows that the difference between the two groups of data before the adjustment of the orbital altitude, namely Group 1 and 2, is small, while the difference between the two groups after the adjustment, namely Group 3 and 4, is also small. However, when comparing the four groups together, obvious differences between the groups before and after the adjustment are seen in the vicinity of a geographical latitude of −10 • or a geomagnetic latitude of −15 • . Moreover, the difference is more pronounced in the Southern Hemisphere than in the Northern Hemisphere. Although the greater data fluctuations in the summer Southern Hemisphere are a cause of this phenomenon, the regular distribution cannot be explained by random fluctuation in the data.
Reference comparisons
To further demonstrate that the phenomenon found above is caused by non-random factors, several sets of data other than the abovementioned data are constructed to compare whether the same regular distribution patterns can be found.
Descending data for the same period
The permutation test results of descending data, data recorded during the day, are calculated according to the grouping information in Table 1 . The results show that there are both cases of significant differences and insignificant differences between the data observed at different altitudes and between the data observed at same altitudes. Variations in the average electron density with latitude are given in Fig. 7 . The figure clearly shows that the observation data for the same altitude during the day fluctuate greatly, and there are no consistent regularities among different data groups. Therefore, although there are cases in which a higher altitude has higher electron density, a definite conclusion cannot be drawn from these descending data.
Ascending data in different periods
Besides the above analysis, groups of reference data are also calculated to further confirm that the regular distributions in Fig. 4 are not accidental. Because there were small geomagnetic storms in January 2007 and 2008, only data in 2009 and 2010 are used here for comparison. Data groups, with the same geomagnetic and grouping conditions and using the ascending data (data observed during nighttime) for 2009 and 2010, are calculated using the permutation test method. Figures 8 and 9 show the variations in ascending electron density data with geographical or geomagnetic latitude using the data recorded in 2009 and 2010 respectively; no obvious differences are found from these data. Therefore, the significant differences shown in Fig. 4 are not coincidental.
Discussion
We conclude from the above data analysis that the phenomenon of the in situ electron density observed at higher altitude being greater than that observed at lower altitude and the significant differences being distributed regularly in the vicinity of the geomagnetic equator on a global scale is the stratification phenomenon of the F2 layer. Although the data were not recorded at the same time, the data variation can be neglected because the time interval is short and observing conditions are similar.
According to the data grouping and calculation method, if the phenomenon is only due to random data fluctuation, the possibility that this phenomenon appears only for data recorded at different altitudes and at several latitudinal regions in the vicinity of the geomagnetic equator at the same time is extremely low. Moreover, the same regular distribution from data recorded at other times with similar grouping conditions cannot be observed. The possibility that the regular data distribution is due to random factors can therefore be excluded definitely.
In addition, the significant difference between two data groups before and after the altitude adjustment near the geomagnetic equator region indicates that most data in the 36 cells in each latitudinal region have a significant difference. It is thus deduced from the data that the stratification phenomenon in the F2 layer covers a large longitudinal area near the geomagnetic equator region. This is different from the conclusion of the studies (Balan et al., 1998; Rama Rao et al., 2005; Zhao et al., 2011a) in which the phenomenon can only be observed at special longitudes, which may be due to the fact that the peak of the stratification is less than that of the F2 layer in most of the longitudinal area for most of the time and thus invisible to the ground-based observation.
In fact, the stratification phenomenon has been observed at many locations using the ionosonde, e.g., Brazil (Balan et al., , 1998 (Balan et al., , 2000 Batista et al., 2002; Jenkins et al., 1997) , southeastern Asia (Hsiao et al., 2001; Lynn et al., 2000) , India (Rama Rao et al., 2005; Thampi et al., 2005) , and China (Jiang et al., 2015) , illustrating that the stratification phenomenon is distributed across a large longitudinal area in spite of the scatter discoveries. The study of Zhao et al. (2011b) using long-term satellite-based radio occultation observations also showed that the stratification is distributed in all longitudinal areas along the magnetic equator. The results obtained from the in situ data are thus in accordance with the results of those studies and further prove that this phenomenon may be continuously distributed along the longitudinal direction. The global-scale in situ electron density data of the DEMETER satellite observed in a short time provide an opportunity to study the distribution features of the stratification phenomenon, which are difficult to detect through scattered ground-based or satellite-based sounding data.
Section 3 showed that the recording time of the data used in this study, namely the time of the stratification, happened to coincide with the downward cycle of the 23rd solar cycle, when the solar activity was relatively low. The season of stratification found in the data in this study coincided with summer in the Southern Hemisphere, and the stratification was almost entirely located in the Southern Hemisphere in terms of the geomagnetic latitude. These spatial and temporal distribution characteristics, distinct on the summer side of low solar activity, are exactly the same as those of the F2-layer stratification phenomenon obtained in many studies (Balan et al., 1998; Batista et al., 2002; Nayak et al., 2014; Rama Rao et al., 2005; Sharma and Raghavarao, 1989) .
As for the local time at which stratification occurs, many studies have suggested that the stratification phenomenon mainly occurs during the day, just as Balan et al. (1998) reported that the F3 layer occurs mainly during the morningnoon period, owing to the combined effect of the upward E × B drift and neutral wind that provides upward plasma drifts at and above the F2 layer. However, more and more studies have confirmed the existence of nighttime stratification. Zhao et al. (2011a) studied the post-sunset stratification phenomenon and suggested that the sunset F3 layer should be distinguished from the traditional morning-noon F3 layer. Figure 9 . Variation in the ascending electron density with latitude, obtained using data for 2010. Lockwood and Nelms (1964) suggested that the stratification of the F layer can be observed until about midnight local time using the topside sounder data of the ionogram aboard the Alouette satellite. Karpachev et al. (2012) examined the large dataset of IK-19 and found that the F3 layer can permanently exist until 02:00-03:00 LT. Nevertheless, the F3 layer is rarely recorded at night. Depuev and Pulinets (2001) also found midnight stratification and showed that the critical frequency of the nocturnal F3 layer is always essentially lower than f 0 F2. It is thus impossible to observe midnight stratification from the bottom side. They also reported that the real peak height (hmF3) of the F3 layer defined by electron density profiles varied from 670 to 730 km. Rama Rao et al. (2005) pointed out that the altitude of the F3 layer is high at the magnetic equator (600-700 km). The altitude of the stratification in these studies is almost the same as the altitudes of the in situ data used in this paper. Klimenko et al. (2012) suggested that the formation mechanism of additional layers in the equatorial ionosphere is due to the action of the non-uniformity in the height of the zonal electric field at the geomagnetic equator and can happen at any time, which can explain the occurrences of the F3 layer and multiple layers at different local times, especially at night.
An interesting point which has not been discussed in earlier studies is that all differences in each latitudinal region on the summer hemisphere are positive, though some do not pass a significance test. This consistent distribution cannot be obtained if data fluctuate randomly. We therefore speculate that this feature may be related to the stratification phe-nomenon, and small stratification may exist in the summer hemisphere a short distance away from the traditional geomagnetic equator region of stratification.
Summarizing the above discussions, we believe that the results obtained in this paper are the stratification phenomenon in the ionospheric F2 layer, and the proposed method is effective. The results of this method indicate that the stratification phenomenon may extend to a larger area in the summer hemisphere, but it is difficult to detect because the differences are small. The distribution features obtained by the data analytic results also indicate that the stratification phenomenon is more complex than what has been found previously.
Conclusion
To compare the in situ electron density data observed by the DEMETER Satellite at different altitudes, a statistical method, using the permutation resampling skill, is adopted and used to carry out the data comparison and analysis work. The results of 10 000 permutation tests, using the ascending data (data observed during nighttime) obtained before and after the altitude adjustment, show that there are significant differences between data recorded at different altitudes near the geomagnetic equator, but no significant differences can be found from the multiple reference datasets. The stratification phenomenon can explain the regular distribution patterns summarized from the data analytic results. In addition, the location, altitude, season, and local time of this phenomenon are accordance with the results of many studies on the F2-layer stratification phenomenon. We therefore be-lieve that the significant difference between the observations of the DEMETER satellite at different altitudes is the stratification phenomenon, and the proposed method is effective and applicable to similar data analytic studies.
Some features of the stratification phenomenon can also be summarized from the data analysis results.
The possible stratification phenomenon is found from the nighttime data but cannot be obtained from the corresponding daytime data, though many studies have pointed out that this phenomenon occurs mainly during the day, which implies the nighttime stratification may be a permanent phenomenon.
The phenomenon can occur in most longitudinal regions, which is not in accordance with the finding of studies that the phenomenon can only appear in special longitudinal regions. This may be due to the peak of the stratification being less than f 0 F2 in most longitudinal regions for most of the time.
The significance of differences decreases with latitude away from the geomagnetic equator, indicating that the stratification is just as an arch along the latitude.
Data differences, all of which are positive at lower to higher mid-latitudes in the summer hemisphere, indicate that the latitudinal extent of the stratification phenomenon is much larger in the summer hemisphere than the winter hemisphere and that small stratification may exist away from the traditional stratification region. The stratification phenomenon is more complex than what has previously been found.
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